Batteries sometimes contain precious or toxic substances (e.g. nickel, cobalt, lead, mercury, cadmium). However, the collection and recycling rate of small batteries were low in Japan.
Introduction
Batteries are broadly used in home and industry, and various types are produced to accommodate the intended use. Some contain toxic and precious substances (lead, mercury, cadmium, cobalt, etc.) , and the environmental impact of the disposal process has been studied (Kyle, 2010; Almeida, 2009; Hawkins, 2006; Bergback, 1994) , especially as a typical example of household hazardous wastes (HHW).
In Japan, we don't have so called battery recycling law, and the framework for collection and recycling differs with the type of small (portable) battery. The 2001 Law for the Promotion of Utilization of Recyclable Resources addresses the collection and recycling by the battery manufacturer and battery apparatus manufacturer of four kinds of small rechargeable batteries: small sealed lead storage batteries, nickel-cadmium (NiCd) batteries, nickel-metal hydride (NiMH) batteries, and lithium ion (Li-ion) batteries. The aim of this law is to promote the voluntarily collection and recycling by manufacturers for products which need recycling and are recyclable.
There is no legal framework covering other primary batteries, such as manganese cells and alkaline batteries, and the management system for these batteries is controlled by local governments-some municipalities landfill or incinerate, whereas others separately collect and recycle them. Although there are no legal framework covering button cells (the small flat batteries often found in small electronic devices), voluntary collection and recycling by producers started in 2009.
On the other hand, The Law for Promotion of Utilization of Recyclable Resources requires the collection and recycling of PC (as a built-in battery product) by the PC producer. This law also requires consumers to recycle the used PCs by sending them to the Recycling Center after applying to the producer of the PC or the PC 3R Promotion Association. In PC for household use made after clarified for consumers.
Europe, on the other hand, has a Battery Directive that applies to all battery types, and also clearly prescribes its relationship with the WEEE. For example, it specifically guarantees to design a battery that can be easily removed, or to remove and recycle batteries that get collected together with the WEEE as it applies to the Battery Directive as well. Also, there are targets to be achieved in collection rate and recycling (recover) rate for batteries in EU, but there aren't in Japan.
SFA (substance flow analysis) are done to evaluate the effectiveness and the actual condition of battery recycling. There has been some studies for NiCd batteries focusing on Cd. SFA of Cd were conducted in Japan (Matsuno Y, 2012; Asari M, 2011; Nakanishi J, 2008) , Australia (Kwonpongsagoon S , 2007) , USA (Hawkins TR, 2006) and Cape Town, South Africa (Kyle, 2010), and it was found that NiCd battery made the dominant contribution to overall Cd flows in each country or region, and that enhancement of management or collection of NiCd battery is important.
There are some studies focusing on Li-ion batteries. Saskia Ziemann et al. (Ziemann S, 2012) carried out substance flow analysis of Li in the world, and showed the large contribution of Li-based on Li, Co, Al, Cu and Ni in Taiwan, and described the requirement of suitable collection, recycling and reuse procedure. Rydh and Svard (2003) assessed the impact of the use of small rechargeable battery on global metal flows focusing on NiCd, Ni-MH and Li-based batteries. Based on this assessment, metals from disused batteries should be recovered and regulations implemented to decrease the need for mining of virgin metals.
The previous studies show that for the flow of Cd, Co or Li, the small batteries were the main product and that the management system including the collection and recycling was important.
However, most of them are flow of a single fiscal year and only a few have showed a secular change.
Moreover, not many of them targeted the battery built-in final product (small-sized consumer electronics).
The objective of this study was to investigate the flow of small rechargeable batteries in Japan to promote further discussion of future management systems. We conducted a substance flow analysis of small rechargeable batteries for a precious substance (cobalt), focusing on Li-ion batteries. The study focused on the period from 2002 to 2010, as well as focused on the final product. To obtain important information for the flow analysis, we conducted an analysis on the chemical characterization of the Li-ion batteries and a consumer questionnaire.
Materials and methods

Chemical analysis for Li-ion batteries
In order to understand the chemical property of the Li-ion batteries, the amount of metal contained in the PC and mobile phone batteries from different manufacturer and manufactured year were measured. Table 1 shows the summary of the samples. The weight of each part was measured after the sample was dismantled and arranged into individual parts. After the sample was adjusted, it was incinerated in an electric furnace. Heating acidic digestion was taken out by adding aqua regia to the incinerated sample. Finally after filtering and fixing the volume, the metallic element was measured using ICP-AES (Shimazu, ICPS-8100) or ICP-MS (VARIAN, 820-MS).
Consumer questionnaire for end-of-life Li-ion batteries
The consumer questionnaire survey was carried out through the Internet. This survey focused on the small rechargeable batteries including Li-ion batteries. The scheme of study is shown in Table 2 .
Life-cycle flow analysis of Cobalt focusing on Li-ion batteries
Focusing on products containing Co in Japan, we analyzed the annual life-cycle flow and stock of Co between 2002 and 2010. Substance flow of Co in Japan has been reported by Japan Oil, Gas, and Metals National Corporation (JOGMEC) every year (JOGMEC, 2011) . However, this study takes into account only the substance flow of Co related to an intermediate product, i.e., the Li-ion batteries that are built into final products. In this analysis, we include not only products with built-in Li-ion batteries but also end-of -life products, the imports to Japan, and the exports from Japan.
The life cycle of products was divided into four stages: 1. raw material, 2. intermediate products (batteries), 3. final products (products with built-in Li-ion batteries), and 4. end-of-life products.
Factors of input, output, and stock for the main products at each stage were estimated on the basis of statistical data, date from chemical analysis and questionnaire survey in this study, and estimates.
For the raw-material stage of Co, statistics for steel, nonferrous metals, and metal-goods (METI, 2011a) were the primary sources of data. Additionally, foreign trade statistics (MOF, 2011) were used for the export and import amounts, and machine statistics (METI, 2011b) were used to determine the amount of total demand allocated to rechargeable batteries (Li-ion and Ni-MH batteries).
Both intermediate and final products were included in import and export data in the foreign trade statistics (MOF, 2011), as well in production, sales, and stock amount data in the machine statistics (METI, 2011b) . The Co concentration, used to make a conversion to the amount of Co, was taken from the result of analysis of this study (Table 4) which means the average for notebook PCs (16%), mobile phones (23%), average for both (19.6%) were used. For the final product, mobile phone that uses Li-ion batteries, notebook PCs, digital cameras, videos, electric tools, the batteries itself, and other products were applied, of which the distributed amount of the batteries itself and other products was set to 13% statistics (MOE, 2010) of the total. Out of the final product, the ratio of products that adopts Li-ion batteries, are believed to be 100% for notebook PCs and mobile phones.
For the remainders, the result of the questionnaire survey（Table 5）was used. For end-of-life products stage, we assumed that the annual amounts of domestic sales and discharge were equal.
That is, all consumers are assumed to buy new products (whether domestically produced or imported) to replace old products no longer in use. First, for all products, used final products move on to either disposal or dead storage route. The ratio of disposal and dead storage is established as Table 3 .
More than one disposal route was considered for each product group (Fig. 1) . As for mobile phones, it proceeds to the removal of battery, collection for recycling, or MSW disposal (incineration and/or landfill) after being thrown away, according to the results from questionnaire survey. Batteries inside the mobile phones (with them remaining inside) that were handed over to recycle shops, recovery operators (private collector for reuse and recycle), friends or acquaintances, were to be taken to the Mobile Recycle Network. The batteries removed when disposing the product will proceed to storage, collection for recycling, or MSW disposal, based on the questionnaire survey. At this moment in time, we supposed that the collection of the removed batteries by both base collection and separately collection by local government are passed on to the Mobile Recycle Network.
Notebook PCs proceed to battery removal, collection for recycling, or MWS disposal, according to the actual value and the results from questionnaire survey. The actual value indicates the collection by the PC3R Promotion Association (PC3R, 2011), which in the questionnaire survey was considered as part of the PC that had batteries remaining inside them when being returned to the retail store. The removed batteries proceed to storage, collection for recycling, or MSW disposal, based on the questionnaire survey. As for removed batteries, we supposed that the ones that went through the separately collection by local government were to be passed to the collection by the Japan Portable Rechargeable Battery Recycling Center (JBRC).
For the others (general products), it proceeds to battery removal, collection for recycling, or MSW disposal after being thrown away, based on the questionnaire survey. The removed batteries proceed to storage, collection for recycling, or MSW disposal, based on the questionnaire survey. We supposed that the ones that went through the separately collection for recycling by local government were all to be passed to the collection by the JBRC.
Results and discussion
Chemical analysis for Li-ion batteries
The result of the analysis of the metal contained in the Li-ion batteries and previous research results (Oguchi M , 2004; Defra , 2006) are shown in Table 4 . This shows that, Li-ion batteries contain a lot of Li, Co, Ni, and Cu and also contain Mn, Au, and Pb. As for Co, the table demonstrates that notebook PCs had a concentration of 4%-26% showing a one digit gap, whereas mobile phones had a concentration of approximately 20%, regardless of the manufacturer or manufactured year. This was identical to the preexisting research results. The concentration for Co should be considered along with its future product development trend in mind. Table 5 shows the result of asking the kind of battery they had to people who owned a final product with batteries inside. This demonstrates the possibility that Li-ion batteries were used in more than half of cameras. As all current notebook PCs and mobile phones are considered to be using Li-ion batteries, it was not included in the questionnaire. Figure 2 shows the result of the question that asked the method used to dispose small consumer electronics. This demonstrates that, digital cameras, video cameras, and cordless electric tools have similar tendency. The discharge of incombustible waste and oversized waste by the local government, and the collection by the retail store are 20-30% each being the main route. As for mobile phones, tablet terminators, and notebook PCs, the ratio of collection by the retail shops is relatively high being 30-50%. However, at the same time the ratio of notebook PCs being handed over to recovery operators are approximately 20%.
Consumer questionnaire for end-of-life Li-ion batteries
For all products, the ratio of them being discharged as combustible waste or incombustible waste by the local government are, 40-50% for electric tools, approximately 30% for digital cameras and video cameras, 10-20% for mobile phones, tablet terminators, and notebook PCs.
The result of the question asking whether battery removal was taken place when disposing small electronics is shown in Figure 3 . This shows that the ratio of battery removal taking place is 10-30% and others discharged them without battery removal. The majority of the reasons not removing the batteries were because they either "did not think it was necessary" or "did not even think about it".
This proves the necessity of clearly mapping out where small batteries should go when discharging or recovering small electronics, and earning a wider recognition.
The results of the question asking the method of disposal used for small batteries are shown in Figure 4 . We considered Li-ion batteries as part of the rechargeable batteries. Batteries that were not removed from the small consumer electronics are not included in this question. The result shows that the ratio of them being discharged by the local government as combustible waste, incombustible waste, or oversized waste is a little more than 30-40%.
As for small batteries, the result of the question about the degree of recognition of the law or system (by the manufacturer) regarding collection and recycle is shown in Figure5. This shows that the degree of recognition is about 30-40%.
These results show that small batteries tend to be discharged while remaining inside of small consumer electronics and that the ratio of the possibility of them being disposed through incineration or landfill is about 10-40%. Possibly 40% of the batteries that were removed were also disposed through incineration or landfill. The fundamental issues regarding this result are the provision of information and the degree of recognition. At the raw-material stage, demand for Li-ion batteries expanded from 3500 to 8000 t-Co during the study period. The demand for Co for NiMH batteries also increased from 480 to 950 t-Co. These results reflect the shift in the types of rechargeable batteries used during this period.
Life-cycle flow analysis of Cobalt focusing on Li-ion batteries
The amount of exported Co also more than doubled, from 1600 to 4100 t-Co, most likely because of increased demand from Japanese-owned Li-ion battery factories in China and other countries. In recent years, Sony and Panasonic, which are the main Li-ion battery producers in the world, have announced plans to relocate the production base of Li-ion batteries to China, and the export volume of Co is likely to continue increasing.
In Figures 6 and 7 The percentage of collection for recycling of the Li-ion batteries calculated from the disposal amount against the collection amount was approximately 10%. Figure 9 show the products which the batteries recovered come from and Figure 10 shows what kind of disposal route each batteries from final product followed. Most of the sold products were notebook PCs but mobile phones and notebook PCs were at the same level regarding its collection for recycling. This demonstrates the possibility that there are a large number of products that get stocked in total, and the high possibility of notebook PCs being reused. It can be argued that understanding the actual situation of the collection of dead storage products or products that are reused will become critical in the future. Table 1 . Li-ion battery samples for chemical analysis Table 2 . Outline of questionnaire survey Table 3 . The ratio of disposal and dead storage of end-of-life products Table 4 . Results of the metal contained in the Li-ion batteries and referenced data (mg/kg) Table 5 . The ratio of final products which use Li-ion battery as batteries inside Fig.1 
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